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Edited by Hans EklundAbstract To elucidate the structural and energetic basis of
attractive protein interactions in the aging lens, we investigated
the binding of destabilized mutants of bB1-crystallin to the lens
chaperones, a-crystallins. We show that the mutations enhance
the binding aﬃnity to aA- but not aB-crystallin at physiological
temperatures. Complex formation disrupts the dimer interface of
bB1-crystallin consistent with the binding of a monomer. Binding
isotherms obtained at increasing concentrations of bB1-crystallin
deviate from a classic binding equilibrium and display coopera-
tive-like behavior. In the context of bB1-crystallin unfolding
equilibrium, these characteristics are reﬂective of the concentra-
tion-dependent change in the population of a dimeric intermedi-
ate that has low aﬃnity to aA-crystallin. In the lens, where
a-crystallin binding sites are not regenerated, this may represent
an added mechanism to maintain lens transparency.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Lens aging leads to changes in its optical properties that
partly reﬂect the evolution of protein–protein interactions in
the ﬁber cells [1,2]. These quiescent, organelle-free cells contain
high concentrations of three families of water-soluble proteins,
the crystallins. Age-long accumulation of protein damage,
truncations and side-chain modiﬁcations [3–6] in a low protein
turn-over environment change the solubility and stability of the
crystallins which can lead to formation of protein aggregates.
The major protein component, a-crystallin, is an oligomer of
two subunits that are related to the small heat-shock protein
(sHSP) superfamily. a-Crystallin plays a central role in delay-
ing the loss of refractivity and transparency through binding of
aggregation-prone proteins [7]. The interaction of a-crystallin
with its substrates, referred to as chaperone activity, is energet-
ically driven by thermodynamic destabilization of the substrate
[8]. Thus, this activity towards modiﬁed b- and c-crystallin is a
major contributor to protein associations in the aging lens.
Consistent with this model, old and cataractous lenses have
co-aggregates of unfolded and cross-linked crystallins [9].Abbreviations: sHSP, small heat-shock proteins; T4L, T4 lysozyme;
aB-D3, aB-crystallin S19D/S45D/S59D; WT, wild-type
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doi:10.1016/j.febslet.2007.04.005In contrast to the extensive studies of a-crystallin chaperone
activity using model substrates [10–12], relatively little is
known concerning the structural and energetic aspects of b-
and c-crystallins binding to a-crystallin. Previous work
predominantly utilized suppression of thermal aggregation at
temperatures that exceed the melting temperature of the chap-
erone and the substrate [13,14]. We have developed a steady
state assay for quantitative assessment of sHSP binding to sub-
strates at physiological temperatures [8]. Using this approach,
we demonstrated that a phosphorylation mimic of aB-crystal-
lin ‘‘senses’’ bB2-crystallin thermodynamic stability binding
the more destabilized mutants to a higher level [15]. Analysis
of the interaction of a-crystallin with b- or c-crystallin is not
only relevant to the molecular understanding of lens transpar-
ency but has implications for the etiology of cataracts. In a
mouse cataract model associated with a mutation in c-crystal-
lin, a-crystallin forms co-aggregates with this protein at a tem-
perature well below its unfolding temperature [16].
In the lens, seven b-crystallins are found as polydisperse
homo- and hetero-oligomers although recombinant bB1- and
bB2-crystallin form dimers in vitro [2]. One of the building
blocks is bB1-crystallin, a protein that undergoes extensive
truncation as well as deamidation during lens aging [5]. Con-
trary to expectation, bB1- and bB2-crystallin have diﬀerent
dimerization motifs despite extensive sequence similarity and
essentially identical secondary structure topology [17].
In this paper, we show that the multi-state unfolding equilib-
rium of bB1-crystallin [18] leads to anomalous concentration
dependence and cooperative-like shape of the binding iso-
therms to aA-crystallin. We propose that an unfolding inter-
mediate, which has marginal aﬃnity to a-crystallin, buﬀers
the changes in stability by reducing the population of the un-
folded state compared to a two-state equilibrium. In the lens,
this may be signiﬁcant in delaying the formation of stable com-
plexes with a-crystallin.2. Materials and methods
2.1. Protein expression and puriﬁcation
bB1-crystallin mutants were expressed, puriﬁed and labeled as previ-
ously described [18]. aA- and aB-crystallin were expressed and puriﬁed
as previously described [8,11]. Bimane-labeled mutants of bB1-crystal-
lin are referred to by the suﬃx B2.
2.2. Binding isotherms of bB1-crystallin to a-crystallin
Binding isotherms were constructed at ﬁxed concentrations of
bimane-labeled bB1-crystallin. For each isotherm, samples containing
a ﬁxed concentration of bB1-crystallin and varying amounts of aA-
crystallin were incubated for 2 h at 37 C. The ﬂuorescence emissionblished by Elsevier B.V. All rights reserved.
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equipped with an RTC2000 temperature controller. The bimane probe
was excited at 380 nm and the ﬂuorescence emission recorded in the
420–500 nm range. The bimane intensity at 470 nm was plotted versus
the molar ratio of aA- to bB1-crystallin to construct a binding iso-
therm. Analysis of the binding isotherms was carried out using non-lin-
ear least squares as described previously [8].3. Results
3.1. General methodology
The goal of this paper is to deﬁne the energetic threshold for
the formation of a stable complex between a- and b-crystallins.
Our approach uses site-directed mutagenesis to reduce the sub-
strate free energy of unfolding and then spectroscopically mon-
itor the partitioning of the substrate between folded in solution
and stably bound to a-crystallin. Binding is driven by the dy-
namic population of unfolded states and its level depends on
the energetic balance between binding to the chaperone and
refolding [8].
Two destabilized mutants of bB1-crystallin that target the
domain packing interface are used in this study, L206A and
E208L. To detect binding, a bimane label was introduced
either at the native C79 or at site K117C in a background
where C79 was replaced with a valine. Analysis of the unfold-
ing of these mutants and the eﬀects of the introduction of the
probe has been reported [18]. Binding isotherms are con-
structed at a ﬁxed bB1-crystallin concentration by monitoring
the change in bimane emission intensity in the presence of a-
crystallin. The binding levels can be manipulated by changing
the ﬁxed concentration of bB1-crystallin in a range deﬁned by
the dissociation constant.
3.2. Destabilized bB1-crystallin mutants bind aA-crystallin
and the phosphorylation mimic of aB-crystallin
Binding curves in Figs. 1A and B show that at physiological
pH and temperature, aA-crystallin binds destabilized mutants
of bB1-crystallin. Addition of aA-crystallin leads to a reduc-
tion in the emission intensity of a bimane label attached at site
79 of bB1-crystallin and analysis by size exclusion chromatog-
raphy conﬁrms the formation of a stable complex (data notFig. 1. (A) Diﬀerential binding of bimane-labeled bB1-WT and bB1-L206A
binding. (B) Binding of bB1-crystallin and its mutants in the C79B2 backgrou
Binding of bB1-crystallin and its mutants to aB-D3 at 37 C. The concentratio
least-squares ﬁt assuming a single mode of binding. n is the number of bB1 bin
refers to the bimane side chain.shown). Binding does not substantially shift the wavelength
of maximum emission suggesting subtle changes in the polarity
of the bimane environment. As expected, at similar concentra-
tions the most destabilized mutant L206A binds extensively
while the labeled wild-type (WT) (C79B2) shows little change
in the bimane intensity (Fig. 1A). Increasing the ﬁxed concen-
tration of bB1-crystallin leads to incipient biphasic shape sug-
gestive of two-mode binding. At low molar ratios of aA- to
bB1-crystallin the ﬂuorescence of the bimane increases while
at high molar ratio it decreases (Fig. 1A). Previous studies
using the model substrate T4 lysozyme (T4L) have demon-
strated that highly destabilized mutants activate a low aﬃnity
but high capacity binding mode [8].
At concentrations where signiﬁcant binding of C79B2 is ob-
served, both L206A and E208L display evidence of biphasic
behavior (Fig. 1B). The limited contribution of low-aﬃnity
binding hinders the use of non-linear least squares to ﬁt the
L206A isotherms. Therefore, the analysis was carried out for
selected curves that appear to be predominantly monophasic.
For C79B2, the parameters obtained are consistent with the
predominance of high-aﬃnity binding previously correlated
with the binding of four a-crystallin subunit to one substrate
molecule [8].
Binding to WT aB-crystallin is marginal at these concentra-
tions (data not shown). However, Fig. 1C shows that the bi-
mane-labeled bB1-crystallins bind the phosphorylation mimic
of aB-crystallin, aB-crystallin S19D/S45D/S59D (aB-D3),
where three serines (S19, S45, S59) were replaced with aspar-
tates. This is consistent with previous analysis demonstrating
that phosphorylation of aB-crystallin is required to activate
substrate binding [8,15]. Binding leads to blue shift in the wave-
length of maximum emission consistent with a transition of the
bimane to a more hydrophobic environment (data not shown).
3.3. Structural features of bound bB1-crystallin
To probe the structure of bound bB1-crystallin, we moni-
tored the dimer interface through the attachment of a bimane
probe at site K117C. In the crystal structure, this residue is in
contact with tryptophan 174 from the symmetry-related sub-
unit. Tryptophans quench bimane emission in a distance-
dependent manner [19]. Unfolding relieves the quenching of. At higher concentrations, L206A shows clear evidence of two-mode
nd to aA-crystallin at 37 C. The concentration of bB1 was 30 lM. (C)
n of bB1 was 20 lM. The solid lines in panels B and C are a non-linear
ding sites per aA-crystallin subunit. KD is the dissociation constant. B2
Fig. 2. Binding of bB1-L206A in the C79V/K117B2 background to (A) aA-crystallin and (B) aB-D3. The solid line in panel B is a non-linear least
squares ﬁt assuming a single mode of binding.
H.S. Mchaourab et al. / FEBS Letters 581 (2007) 1939–1943 1941the bimane at site K117 through the separation of the two
monomers [18]. Thus, the trp/bimane pair provides a ﬁnger-
print of the dimer interface.
At position K117, complex formation with aA-crystallin or
aB-D3 induces a bimane signal change of opposite sign com-
pared to Fig. 1. The increase in the emission intensity reﬂects
the separation of the trp and bimane upon binding (Fig. 2).
This result indicates extensive structural rearrangements at
the dimer interface and is consistent with dissociation of the
dimer and binding of bB1-crystallin in a monomeric form.
3.4. Cooperative-like binding isotherms and diﬀerential binding
by aA-crystallin and aB-D3
The shape of the binding curves for aA-crystallin deviates
from simple monophasic behavior for all mutants in the
K117B2 background. At low molar ratio of aA to bB1-
L206A (Fig. 2A), the curve is ﬂat suggesting lack of binding
or alternatively a small contribution to the signal from the
bound species. Similarly, increasing the ﬁxed concentration
of bB1-E208L (Fig. 3A) leads to anomalous changes in the
shape of the binding curves. The curves are expected to be left
shifted at concentrations of the binding partners comparable
to the dissociation constant. Fig. 3 shows that increasing the
ﬁxed concentration of the bB1-crystallin does not signiﬁcantly
change the signal intensity at low molar ratio and the shape of
the binding curve is similar to that of a classic cooperative
transition. Eﬃcient binding requires a critical ratio of aA- to
bB1-crystallin. The critical molar ratio appears correlated to
the overall stability; it has a smaller value for K117B2-
L206A than K117B2. The cooperative-like shape is notFig. 3. Cooperative-like binding isotherms of (A) bB1-K1observed in the binding of aB-D3 and the curves could be ﬁt
assuming a single mode of binding (Fig. 2B). Furthermore,
the curves obtained at higher ﬁxed concentrations of bB1-crys-
tallin display the expected left shift.
There are two possible origins of the shape changes in the
binding isotherms of the destabilized mutants. First, binding
may occur in two modes, high- and low-aﬃnity, with opposite
ﬂuorescence signal changes that cancel each other. In this case,
extensive binding is expected for K117B2 in the ﬂat region.
Analysis of mixtures of aA and mutant bB1-crystallin by size
exclusion chromatography shows a substantial fraction of un-
bound bB1-crystallin (data not shown). Furthermore, the
curves could not be ﬁt using a two-mode binding model [8].
Because the ﬂat region depends on the ﬁxed concentration of
bB1-crystallin, a more likely origin is the reported concentra-
tion-dependent reduction in the fractional population of the
unfolded state and the concomittant population of a dimeric
unfolding intermediate [18]. The unfolding curves of bB1-crys-
tallin show a change in the midpoint of the transition over the
concentration range where the anomalous binding curves are
observed. This suggests that increasing the ﬁxed concentration
of bB1-crystallin reduces the population of the species that
bind a-crystallin and that the intermediate has low binding
aﬃnity to aA-crystallin.4. Discussion
The results presented in this paper can be interpreted using
the thermodynamic model of chaperone activity previously17B2/E208L and (B) bB1-K117B2 to aA-crystallin.
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dependence of binding on the substrate free energy of unfold-
ing (Eq. (1)) and on the activation state of the chaperone (Eq.
(2)). Eq. (1) was modiﬁed to reﬂect the multi-state equilibrium
of bB1-crystallin [18]: D is the native dimer and I2 is a dimeric
intermediate. The binding-induced increase in the emission
intensity of the bimane at site K117C suggests that bound
bB1-crystallin is monomeric. For bB1-crystallin, loss of di-
meric structure is coupled to unfolding; therefore we assume
that the stably bound state is extensively unfolded (Eq. (3)).
A systematic study of the bound structure of T4L monitoring
multiple trp/bimane pairs reveals that the bound conformation
is extensively unfolded (Claxton D.P., and Mchaourab, H.S.,
unpublished results).
aA-crystallin aﬃnity and capacity to bB1-crystallin follows
the trends observed for T4L. Levels of binding correlate with
eﬀective DGunf of the mutants with two-mode binding observed
for the most destabilized mutant L206A. Nevertheless, there
are substantial diﬀerences in the shape and concentration
dependence of the binding isotherms between T4L and bB1-
crystallin. The origin of these speciﬁc characteristics can be
rationalized using Eqs. (1)–(3). The coupling of unfolding
and dissociation implies that the fractional population of the
unfolded state (fu) is inversely related to the total protein con-
centration (Pt), while the fractional population of the interme-
diate (fI) increases with higher Pt. The equilibrium constant
that describes the transition from the intermediate (I2) to the
unfolded state is given by Keq ¼ ½P tf 2u =fI [21]. Consequently,
the decrease in the level of binding at higher bB1-crystallin
concentration is consistent with binding of bB1 in an unfolded
conformation and suggests that the intermediate (I) has no
measurable aﬃnity to aA-crystallin.
Conversely, selective binding to the unfolded state implies
that an increase in concentration of the aA-crystallin (the x-
axis in Fig. 3A) leads to an eﬀective decrease in the apparent
stability of the intermediate similar to the one induced by low-
er protein concentration. The model predicts, therefore, that
the shape of the binding curve will reﬂect the cooperative nat-
ure of the dissociation of the dimeric intermediate.
The lack of the anomalous concentration dependence in the
C79B2 background can be explained by its higher stability rel-
ative to the K117B2 background [18]. In the latter, the concen-
tration range over which the dimer intermediate is stabilized
corresponds to the range used for binding isotherms. For
C79B2, the eﬀect of the intermediate is implicit and is mani-
fested by the overall moderate aﬃnity to aA-crystallin
(Fig. 1A).
Destabilized mutants of bB1- and bB2-crystallin [15] mar-
ginally bind aB-crystallin. This may suggest a limited role of
aB-crystallin in preventing the aggregation of bB-crystallins.
Binding reported by previous studies occurred under strongly
denaturing conditions such as high temperature where the
favorable free energy of Eq. (1) drives the coupled equilibriumthereby overriding the unfavorable activation state of aB-crys-
tallin. The lack of a cooperative-like shape for the binding
isotherms to aB-D3 may reﬂect either its higher aﬃnity to
bB1-crystallin or a fundamental diﬀerence at the mechanistic
level including binding to the dimeric intermediate. Analysis
using a larger set of mutants will be necessary to distinguish
between these two possibilities.
There are two consequences of the exceedingly high protein
concentration in the lens. First, even with dissociation con-
stants in the micromolar range, our coupled model predicts
substantial binding for relatively stable proteins. Second,
crowding may act to enhance the dissociation constants eﬀec-
tively pulling the coupled equations to the right [22]. However,
the ﬁndings in this paper suggest that for bB1-crystallin, these
eﬀects are counteracted by the concentration dependence of
the intermediate states stability which serves to reduce the
overall aﬃnity to a-crystallin.
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